Abstract: This paper presents the findings of parametric finite element (FE) simulations of more 4 than 50 wide-flange steel columns under cyclic loading. The column sizes, which are mostly highly 5 ductile according to the current design practice in North America, are those seen in new and 6 existing steel seismic-resistant moment frames. The parametric study is based on a high-fidelity 7 FE model, which is thoroughly validated with available full-scale steel column experimental data.
Introduction
and Chaboche 1990). The nonlinear kinematic and isotropic hardening parameters defined in Eqs.
89
(1) and (2), respectively, are based on one backstress, in Elkady (2016) by employing the modeling assumptions proposed in this paper.
167

Parametric Simulations
168
Range of Investigated Cross-Sections
169
Several untested configurations were investigated through parametric simulations. These include unloading stiffness deterioration at a given chord-rotation, Kθ, (see Fig. 8a ) that is strongly related 
219
In particular, steel columns with stocky cross-sections (i.e., set W1 and similarly F1) developed,
220
on average, an overstrength of 1.5. This is attributed to the steel material cyclic hardening prior to 221 the onset of local buckling (i.e., local buckling occurring at drifts > 7%). This is consistent with load ratio that has a profound influence on Mmax. In particular, Fig. 9b shows that steel columns 226 subjected to a symmetric cyclic loading history coupled with P/Py = 0.5 developed, on average,
227
35% less overstrength compared to those subjected to P/Py = 0.2.
228 Figure 9c shows the influence of the web slenderness ratio on the column overstrength based inelastic seismic demands that they experience during an earthquake.
254
The θ80%Mmax is based on the first-cycle envelope, which is loading-history dependent. exponential at large drifts due to the excessive web local buckling progression. This can be inferred 
Equation (4) roughly to a 2/3 reduction of the current AISC (2016a) limit for highly ductile members.
323
Alternatively, if a designer choses a cross-section with a h/tw ≤ λhd as per AISC (2016a), then Eq.
324
(4) suggests that the allowable compressive axial load demands on first-story interior columns due 325 to gravity cannot exceed 15% Py.
326
For the range of data explored in this paper, it was found that a simple modification to the 327 current AISC 341-16 compactness limit for highly ductile members by 2/3 is suffice to limit 328 column axial shortening to 1% of the respective member length and achieve a maximum of 20%
329
flexural strength reduction at a 4% chord rotation. In this context, it was found that the member
330
slenderness Lb/ry is somewhat important but only at story drift ratios larger than 3%. Depending 
Unloading Stiffness Deterioration due to Geometric Instabilities
334
Recent experiments conducted by the authors (Elkady and Lignos 2018) suggest that column local 335 buckling is typically followed by out-of-plane deformations, ΔOP, near the column plastic hinge 336 region. These deformations mainly control the unloading stiffness deterioration of the column.
337
Unloading stiffness deterioration due to member instabilities can influence the global stability of 338 steel MRFs at seismic intensities associated with low-probability of occurrence seismic events.
339
Deep columns with member slenderness ratios, Lb/ry >80 are prone to such failure modes at story 
341
Accordingly, the unloading stiffness is quantified and assessed.
342 Figure 14 shows the normalized ΔOP, measured at the 2% drift amplitude versus h/tw. At
343
P/Py=20%, highly ductile column cross-sections develop a ΔOP < 1% L (see Fig. 14a ). Referring and connections (i.e., beam-to-column and beam-to-column web panel) shall be further studied.
367
Column Plastic Hinge Length
368
The column plastic hinge length, LPH, is the distance from the column base to the cross-sectional load increase from 20% Py (see Fig. 16a ) to 50% Py (see Fig. 16b ), the plastic hinge length 383 increased by about 25%. This is attributed to the member second-order moment demands that push 
where,
[MPa] , , 250 2 9 70 1 0, for bare steel beams
in which, Li is the distance between the inflection point and the column base and ryc is the radius 
The range of applicability of Eq. (6) However, this limit is still much larger than the measured nodal stability bracing force demands.
441
This necessitates a thorough assessment of the lateral stability bracing for beam-columns vis-à-vis 442 the above discussion. This is possibly one of the most important areas of future work.
443
Summary and Conclusions
444
Comprehensive parametric finite element (FE) simulations are conducted to study the seismic 445 performance of steel MRF columns and to propose improved recommendations to the current 446 seismic design provisions in North America. This is achieved with a high-fidelity FE modeling 447 approach that was validated with available tests on steel columns subjected to multi-axis cyclic to P/PCL ≥ 0.5 develop an appreciable plastic deformation capacity; hence, they may not be force-
466
controlled elements as discussed in ASCE (2014). Instead, it is recommended that this limit is 467 raised to P/Py ≥ 0.6.
468
 The CAN/CSA S16-09 (CSA 2009) limit of P/Py=0.3 (due to gravity) for columns as part of 
